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Restricted kinematics of 2-body decays allows selection of
operators with certain quantum numbers, reducing the
reliance on the single operator dominance assumption.

Single operator dominance: The assumption that only one
effective operator dictates the result.

Model independence: Any NP scenario involving LFV can be
matched to L
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Background

Assumptions:
— No new light particle i.e. axions, dark photons
— Neutrinos are not considered
— tquark integrated out of theory
— CP conservation, therefore Wilson coefficients are real

D.O.F.

— leptons=7,u, e

— quarks=b, ¢ s, u, d

Mesons & Quarkonia (g gbar meson states)

— Vector: Y(bb), J/ ¥ (cc), @ (ss), p (uu-dd), w(uu+dd), and excited states

— Pseudoscalar: 7, (bb), n (cc), n(uu+dd-2ss), n’ (uu+dd+ss), 7 °uu-
dd), B, (db), B, (sb), D (cu), K (ds) and excited states

— Scalar: x o(bb), X .(cc), and excited states
Calculate mesonsto T u,te ue
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Effective Lagrangian
Log = £D+£gq—|—£(;—|—...

Dipole Lagrangian

m2

AQ

+ h.c. }

£D — [I(Cng]%glO"LWPLgQ = C€D1£2glUMVPR€2) Y

Dipole operators are
selected by the quantum
numbers of the 2-body
vector quarkonium
decays.
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Vector and tensor operators are
selected by the quantum numbers of
the 2-body vector quarkonium
decays.
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Four fermion Lagrangian
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Axial and pseudoscalar operators are
selected by the quantum numbers of
the 2-body pseudoscalar meson
decays.
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Four fermion Lagrangian
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Scalar operators are selected by the

quantum numbers of the 2-body
scalar quarkonium decays.
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Effective Lagrangian

Gluonic Lagrangian
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1 loop beta function defined
for the number of light active
flavors, L, relevant to the scale

of the process (u=2GeV).

B =-9a2/(2 )
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Effective Lagrangian

Gluonic Lagrangian
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o, = QCD coupling constant
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Gluonic Lagrangian
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Gluonic Lagrangian
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Gluonic operators selected by
the 2-body pseudoscalar
quarkonium decays.

*A. Celis, V. Cirigliano and E. Passemar, Phys. Rev. D 89, no. 9, 095014 (2014)

Derek E. Hazard 7/




2-body vector quarkonium decays

O[gy*q|V(p)) = fvmve(p), Decay constant
(Olgo*q|V (p)) = ifi (e"p” — p*€”) Tensor decay constant

Derek E. Hazard




2-body vector quarkonium decays

O[gy*q|V(p)) = fvmve(p), Decay constant
(Olgo*q|V (p)) = ifi (e"p” — p*€”) Tensor decay constant

V = any quarkonium with quantum numbers 1-i.e. Y, J/U, ®, p, W

Derek E. Hazard




2-body vector quarkonium decays

O[gy*q|V(p)) = fvmve(p), Decay constant
(Olgo*q|V (p)) = ifi (e"p” — p*€”) Tensor decay constant

V = any quarkonium with quantum numbers 1-i.e. Y, J/U, ®, p, W

Amplitude
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Two-body vector quarkonium decays
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Two-body vector quarkonium decays

Branching ratio
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m, = vector meson mass
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Two-body vector quarkonium decays

Branching ratio

SR _ (el N g+ a2 (- 2) (el e )
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Dimensionless Constants
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m, = vector meson mass Q, = quark charge (2/3,-1/3)

y = m,/m, o = fine structure constant
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Two-body vector quarkonium decays

Branching ratio

B(V — (10,) _(my (1 — y?) : 01052 01052 1 2 1052 01052
B(V — ete™) o < drafyQ, > {(|AV ’ +|BV | )+§(1_2y ) (‘CV | +’DV ’ )

+y Re (42Ch%* +iBY=Dh") |
Dimensionless Constants
myv | ’ T
Ay = 2w | Vimau? (e + el A ot + i) + e Grmym, (s + o) |

Belez _ fvmy
e

i T
TV | —VAraQuy? (ChE — CBf) (Cg%@ — C) -2 - Grmym, (csa - C%%b)]
T T
m
oyt = 2vy |Vimaq, (g + i) + B Gemym, (cty + cti)|

v
fvmy | A
pys =Ly [ e (OB — ) — [ Grmem, (CR - o)

m,, = vector meson mass Q, = quark charge (2/3,-1/3)
y = m,/m, & = fine structure constant

Ky = V2 (constant for pure q q bar states)
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Two-body vector quarkonium decays

Branching ratio

B(V —7 €1Z2)

B(V — ete)

Al _ Jvmy
=

Belez _ fvmy
L

Cmg e fvmy
e

Dhte _ Z.fvmv
e =

- mv(l_y2) : 122 122 1
- (B (4 + |5341) + 3 @

— 27) (\C‘#le - ]Dzvl@f)

+1y Re (Aézzc‘e/leg* i Z-Bf}esz}eg*) }

Dimensionless Constants

T

T

4raQ), /2 (C’%ﬁg + C’%ﬁf) - Ky (C‘q/gj—ifz + C‘qf}fz) + 2y2/<avf—VGFmvmq (C%ELIZQ -+ C’%%b)]

e
T

Vv

—VaraQp? (ChE - Bl wv (CEA - 13 - 2Py 2L G pmym, (csa - C%%b)]

v |ViraQuCht + ) + bl Gemym, (ot + e

e

T
Y [—\/ 4ra@, (Cf;fg — C%fg) - QRVf—VGFmeq
1%

(ot )]

Dipole operator dependence
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Two-body vector quarkonium decays

Branching ratio

B(V — (10,) _(my (1 — y?) e 01052 01052 1 2 1052 01052
B(V — ete™) o < drafyQ, > {(|AV ’ +|BV | )+§(1_2y ) (‘CV | +’DV ’ )

+1y Re (Aézzc‘e/leg* i Z-Bf}esz}eg*) }

Dimensionless Constants

B T
A = Lo T imau (et + o) + mefcti + oty b a2 Grmem, (0 + o)
L |4

B T
Byt~ Lo [ vamaou (et - el - m(cti” - )| e I Grmum, (et — ogy)]
L |4

Cmg e fvmy
e

T
; [\/—47ronq (C52 +CB%) + 20, 2L Grmym, (CF2% + c;gfz)]
14

A2
Dite — Z-fVmV —\/4—Q (05152 e 05152) ) EG Chata _ ~abily
v TP Y mTalde (Upp DR 0% » FMymyg \ Upp, TR

Dipole operator dependence
Vector operator dependence
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Two-body vector quarkonium decays

Branching ratio

B(V — (10,) _(my (1 — y?) e 01052 01052 1 2 1052 01052
B(V — ete™) o < drafyQ, > {(|AV ’ +|BV | )+§(1_2y ) (‘CV | +’DV ’ )

+1y Re (Aézzc‘e/leg* i Z-Bf}esz}eg*) }

Dimensionless Constants

B T
m
Ay = B [ e 0+ 03 + e (CH + O3) 4 22wy Gy [T+ )
r T
B = 10 [ i (Ot i) — v (CE4 — CE) — P B G (e — e
Cflﬁz i fVmV | 4 06162 05152 2 fng Cqﬁﬂz nglb
v T Tz Y|V raQ, (Cp2 + Cpr) + “V_V Fmymg §Cpp~ + Crp
D£1€2 . .fVmV [ 4 Cﬂlﬁg 05162 2 f‘j/jG CQEIEZ thfz
v St YTV 7TO‘Qq( DI, DR)_ va—v Finy s g

Dipole operator dependence
Vector operator dependence
Tensor operator dependence
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Two-body vector quarkonium decays

Branching ratio

B(V — (10,) o my (1 — ) e 01052 01052 1 2 1052 01052
s ooy = Cigrpe) LAl +18ber) + 5 a-27) (bl + Ipger)

+1y Re (Aézzc‘e/leg* i Z-Bf}esz}eg*) }

Dimensionless Constants

Ay = VaraQuy? (C + %) + wv (CH5% + CH) + 2P I Gy, (g + Oy
sy L2 [ Varagu? (cht - OBf) - e (0% - ) — 2oy I Gomym, (2 - i)
o T 2
oyt LYy |Vima, (i + Cli) + 2m AL Gemym, (' + )|
- i T
ppte Ly | VEraQ, (Clr — CBE) — 2 2L Gipmym, (O3 - 0%‘152)]

fy cancels out ...
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Two-body vector quarkonium decays

Branching ratio

B(V — (10,) _(my (1 — y?) e 01052 01052 1 2 1052 01052
B(V — ete™) o < drafyQ, {(|AV ’ r |BV | )+§ (1_2y ) (‘CV | + ’DV ’ )

| VEraQu? (ChE + ChE) + kv (O™ + CEX ) + 24

ql142 ql142

Belez _ fvmy
L

—VaraQqy® (ChE - CBE) — mv (CI4 — CY) = 2yl 2L Bpmym, (O3 - C%%b)]

Cmg e fvmy
e

B T
y |VEraQ, (042 +C4%) + 26 Y brmym, (C%%£2+ngﬁ2)]

Dhte _ Z.fvmv
e =

—VIraQ, (Ch - C4%) - 2

fy cancels out ...
except for the ratio of f,'/f,
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Two-body vector quarkonium decays

Decay constants used to constrain Wilson coefficients

State T(1S) | Y(25) | Y(3S) | J/v | ¥(25) o) p(w)

fv, MeV |1649 £+ 31481 £+ 39|539 £ 84|418 £9|294 + 5(241 £ 18|209.4 £ 1.5

Derek E. Hazard




Two-body vector quarkonium decays

Decay constants used to constrain Wilson coefficients

State T(1S) | Y(25) | Y(3S) | J/v | ¥(25) o) p(w)

fv, MeV |1649 £+ 31481 £+ 39|539 £ 84|418 £9|294 + 5(241 £ 18|209.4 £ 1.5

« Tensor decay constants are not well know
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Two-body vector quarkonium decays

Decay constants used to constrain Wilson coefficients

State T(1S) | Y(25) | Y(3S) | J/v | ¥(25) o) p(w)

fv, MeV |1649 £+ 31481 £+ 39|539 £ 84|418 £9|294 + 5(241 £ 18|209.4 £ 1.5

« Tensor decay constants are not well know

* Exceptf,,' =410 £ 10 MeV *

*D. Becirevic, et al. Nucl. Phys. B. 883, 306 (2014).
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Two-body vector quarkonium decays

Decay constants used to constrain Wilson coefficients

State T(1S) | Y(25) | Y(3S) | J/v | ¥(25) o) p(w)

fv, MeV |1649 £+ 31481 £+ 39|539 £ 84|418 £9|294 + 5(241 £ 18|209.4 £ 1.5

« Tensor decay constants are not well know
* Exceptf,,' =410 £ 10 MeV *
* Assume f,T =1,

*D. Becirevic, et al. Nucl. Phys. B. 883, 306 (2014).

Derek E. Hazard 10




Two-body vector quarkonium decays

Experimental upper limits of BR for 2-body vector decays and
radiative lepton decays from the PDCG.

0142 Ut er ep
B(T(1S) — £143) 6.0 x 106 i .
B(Y(2S) — £1£5) 3.3 x 1076 3.2 x 1076 —
B(Y(3S) — £145) 3.1 x 107 4.2 x 1076 =

B(J/vyp — £1£) 2.0 x 1079 8.3 x 1076 1.6 x 1077
B(¢ — £142) n/a n/a 4.1 x 1076
B(ly — £17) 4.4 %1078 3.3 x 1078 57 % 10-13
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Two-body vector quarkonium decays

Experimental upper limits of BR for 2-body vector decays and
radiative lepton decays from the PDCG.

0142 Ut er ep
B(T(1S) — £143) 6.0 x 106 i .
B(Y(2S) — £1£5) 3.3 x 1076 3.2 x 1076 —
B(Y(3S) — £145) 3.1 x 107 4.2 x 1076 =

B(J/vyp — £1£) 2.0 x 1079 8.3 x 1076 1.6 x 1077
B(¢ — l1l2) n/a n/a 4.1 x 1076
B(ly — £17) 4.4 %1078 3.3 x 1078 [5.7 % 10-13]

B(p to ey)ygu ~ 10->%
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Two-body vector quarkonium decays

Experimental upper limits of BR for 2-body vector decays and
radiative lepton decays from the PDCG.

0142 Ut er ep
B(T(1S) — £143) 6.0 x 106 i .
B(Y(2S) — £1£5) 3.3 x 1076 3.2 x 1076 —
B(Y(3S) — £145) 3.1 x 107 4.2 x 1076 =

B(J/vyp — £1£) 2.0 x 1079 8.3 x 1076 1.6 x 1077
B(¢ — l142) n/a n/a 4.1 x 1076
B(ly — £17) 4.4 %1078 3.3 x 1078 57 % 10-13

B(p to ey)ygu ~ 10->%
Dashes = no data
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Two-body vector quarkonium decays

Experimental upper limits of BR for 2-body vector decays and
radiative lepton decays from the PDCG.

0142 Ut er ep
B(T(1S) — £143) 6.0 x 106 i .
B(Y(2S) — £1£5) 3.3 x 1076 3.2 x 1076 —
B(Y(3S) — £145) 3.1 x 107 4.2 x 1076 =

B(J/vyp — £1£) 2.0 x 1079 8.3 x 1076 1.6 x 1077
B(¢ — l142) n/a n/a 4.1 x 1076
B(ly — £17) 4.4 %1078 3.3 x 1078 57 % 10-13

B(p to ey)ygu ~ 10->%
Dashes = no data

n/a = forbidden by phase space

Derek E. Hazard 11




Two-body vector quarkonium decays

Constraints on Wilson coefficients of 4-fermion operators.

Leptons Initial state (quark)

Wilson coefficient (GeV~=2) (1o T(1S) (b)) Y(25) (b) 7Y(3S) (b)) J/¢¥ (c) o (s)

pur 5.6x107% 41x107% 35x107% 55%x107° n/a

‘C{’fi@/ﬂ‘ er = 41x107% 41x10% 1.1x10* n/a
e — — — 1.0x107®> 2x 1073

pr 5.6x107% 41x107% 35x107% 55%x107° n/a

‘CQMQ/A?‘ er = 41x107% 41x10% 1.1x10* n/a
e — — — 1.0 x 107> 2 x 10~

pr 4.4x1072 32x1072 2.8 x 1072 1.2 n/a

‘Cqﬁl@/A?‘ er = 33x 1072 3.2 x 1072 2.4 n/a
e — — — 4.8 1 x 10*

M AR B2 07 28 s Lo 1.2 n/a

‘CQMZ /A2‘ er _  33x1072 32x10°2 24 n/a
e — — — 4.8 1 x 10*

Derek E. Hazard




Two-body vector quarkonium decays

Constraints on Wilson coefficients of 4-fermion operators.

Leptons Initial state (quark)

Wilson coefficient (GeV~=2)  f1fs  Y(1S) (b)) Y(2S) (b) 7Y(3S) (b) J/v (e o (s)

pur 5.6x107% 41x107% 35x107% 55%x107° n/a

‘C{’fi@//\?‘ er = 41x107% 41x10% 1.1x10* n/a
e — — — 1.0x107®> 2x 1073

pr 5.6x107% 41x107% 35x107% 55%x107° n/a

‘Cqﬁl@/A?‘ er = 41x107% 41x10% 1.1x10* n/a
e — — — 1.0 x 107> 2 x 10~

pr 4.4x1072 32x1072 2.8 x 1072 1.2 n/a

‘Cqﬁl@/A?‘ er = 33x 1072 3.2 x 1072 2.4 n/a
e — — — 4.8 1 x 10*

M AR B2 07 28 s Lo 1.2 n/a

‘CQMQ /AQ‘ er _  33x1072 32x10°2 24 n/a
e — — — 4.8 1 x 10*
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Two-body vector quarkonium decays

Constraints on Wilson coefficients of 4-fermion operators.

Leptons Initial state (quark)
Wilson coefficient (GeV~=2) (1o T(1S) (b)) Y(25) (b) 7Y(3S) (b)) J/¢¥ (c) o (s)

pur 5.6x107% 41x107% 35x107% 55%x107° n/a

‘C{’fi@/ﬂ‘ er = 41x107% 41x10% 1.1x10* n/a
e — — — 1.0x107®> 2x 1073
* Not a breakdown of the EFT!
 Existing data doesn’t aIIow for strong constraints
el = = TOX 10 7 2xX10 >
pr 4.4x1072 32x1072 2.8 x 1072 1.2 n/a
‘C%%@/A2‘ er - 33x1072 32x1072 24 n/a
e — — — 4.8 1 x 10*
M AR B2 07 28 s Lo 1.2 n/a
‘CQMZ /A2‘ er _  33x1072 32x10°2 24 n/a
e — — — 4.8 1 x 10*
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Two-body vector quarkonium decays

Constraints on Wilson coefficients of dipole operators.

Dipole Wilson Leptons Initial state
coefficient (GeV~=2)  f145  Y(1S) (b) 7Y(25) (b) Y(BS) (b) J/Y (c) @(5) Lo — b1
pr 2.0x107* 1.6x107% 1.4x107* 25x107* n/a 2.6 x 10710

‘C%/Az’ er - 1.6 x107% 1.6 x 107% 53 x107* n/a 2.7 x 10710

e — - — 1.1x10™% 0.2 31x107"

pr 2.0x107* 1.6x107% 1.4x107* 25x107* n/a 2.6 x 10710
(C%E}g@/ﬂ et ~ 1.6 x 1074 1.6 x 107% 5.3 x107* n/a 2.7 x 10710

e - — - 1.1x10™% 0.2 31x107"
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Two-body vector quarkonium decays

Constraints on Wilson coefficients of dipole operators.

Dipole Wilson Leptons Initial state

coefficient (GeV~=2)  f145  Y(1S) (b) 7Y(25) (b) YBS) (b) J/Y (c) ()| Lo — b1
pr 2.0x107* 1.6x107% 1.4x107* 25x10* n/a 2.6 x 10710

‘C%/Az’ er - 1.6 x107% 1.6 x 107% 5.3 x10™* n/a |2.7 x 10710

e — - — 1.1x10™% 0.2 [3.1x107"

pr 2.0x107* 1.6x107% 1.4x107* 25x10* n/a 2.6 x 10710
(C%E}g@/ﬂ et ~ 1.6 x 1074 1.6 x 107% 5.3 x107* n/a [2.7 x 10710

e - — - 1.1x107% 0.2 [3.1x 107"

« Radiative lepton decays give much stronger constraints
* Vector decay constraints are complimentary
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2-body pseudoscalar meson decays

(0[gv*vs4|P(p)) = —ifpp” Decay constant

Qs apv Fva H
<O|EG G IP(p)) = ap Anomalous matrix element
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2-body pseudoscalar meson decays

(0[gv*vs4|P(p)) = —ifpp” Decay constant

(0] G““”éZV|P(p)> = ap Anomalous matrix element

g
A7

P = any meson with quantum numbers 0+ i.e. n,, N, T°, B, D, K
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2-body pseudoscalar meson decays

(0[gv*vs4|P(p)) = —ifpp” Decay constant

(0] Ga“”ézyw(p)) = ap Anomalous matrix element

g
A7

P = any meson with quantum numbers 0+ i.e. n,, N, T°, B, D, K

Amplitude
.A(P —— 6122) = ﬂ(pl, 81) [E?@ + Z.F]lglb’}%} U(pg, 82)

Derek E. Hazard




2-body pseudoscalar meson decays

Branching ratio

B(P = 68) = o (1= ?)? [|B4= P + |Fpe ]

Derek E. Hazard




2-body pseudoscalar meson decays

Branching ratio

B(P — £1Z2) = 877:‘7,]_513 (1 e y2)2 [}E;;lﬁzf + ‘F]€1€2‘2i|

Dimensionless Constants
E4 W = [-ise |2 (52 + CFa2) - miGr (CHA" + CER®)| + 9Grar (C4f + C%) |

s = 2 [ 2 (C14 - O34%) — miir (OB — )] + 9iGnan (0 — 082
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2-body pseudoscalar meson decays

Branching ratio

B(P — tily) = (1- )" ||BA%[" + |Fh% )]

87TPP

Dimensionless Constants

B4t = —ifp |2 (Cl2® + Cfa) {mike (C® + CE)| +9Grar (C4f2 + C%) |
m 0109 0102 0102 0105 : 014 010
) { fp {2 (CjL o ) g (C;JDL _ o5 )} O (061; i céRz)}

F]l;lb :_4AP

m, = pseudoscalar meson mass

Derek E. Hazard




2-body pseudoscalar meson decays

Branching ratio
B(P = 6,0,) = 87TP (7K ||1Ba% )" + |Fhe)]

Dimensionless Constants

o [ ifp |2 (CH1% + CI) - mbGr (CE™ + CEA* )| +9Grap (C4% + C42))|
Fht — {fp { ( qe 2 Cgl%@) — m3Gr (C%eieg _ C,%%EQ)} + 9%Grap (Célf - Céf)}

m, = pseudoscalar meson mass

y = my/mp

Derek E. Hazard




2-body pseudoscalar meson decays

Branching ratio

B(P — 0,0y) = -2 —(1-v)’ | B3| + |Fht )]

s
Dimensionless Constants
A = ym —ife [2 (U1 + CLH") — miGr (CEL™ + OB )| +9Grar (€42 + C52))]

Fﬁlﬁg . _y4A2 [fP [ ( q€1£2 - 0%11%52) _ meGF (Cg)£££2 _ 0%6}1%62)} + 999G rap (0252 i Cgéz)}

m, = pseudoscalar meson mass
y = my/m,
[, = total decay rate
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2-body pseudoscalar meson decays

Branching ratio

B(P — £1Z2) = 877:‘7,]_513 (1 e y2)2 [}E;;lﬁzf + ‘F]€1€2‘2i|

Dimensionless Constants

Bt =y |—ife [1((0%5@ + O |- miGr (CEL" + CFE")] +9Grap (Ca2 + C42) |

Fﬁlﬁg . _y% [fp {2 Ciﬁiéz - 0%11%52) | meGF (Cg)£££2 _ 0%6}1%62)} + 991G rap (0252 o Cgéz)}

m, = pseudoscalar meson mass  Axial operator dependence
y = my/m,
[, = total decay rate
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2-body pseudoscalar quarkonium
decays

Branching ratio

B(P — £1Z2) = 877:‘7,]_513 (1 e y2)2 [}E;;lﬁzf + ‘F]€1€2‘2i|

Dimensionless Constants

mp . 01402 0145 0142 0142 010 014
Bt =yt [—z fp [2 (CjL Lot ) —m3G (C;z,L + 0% ) + 9Grap (CG}LQ + CélR?)}
mp 0102 010 £102 0105 :
P =yt fo |2(Ci2" - o ) — m3Gr (C;JDL _ oL ) + 9iGrap (Cgf ke Cg;;)}

m, = pseudoscalar meson mass  Axial operator dependence
y = m,/mp Pseudoscalar operator dependence
[, = total decay rate
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2-body pseudoscalar quarkonium
decays

Branching ratio

B(P — £1Z2) = 877:‘7,]_513 (1 e y2)2 [}E;;lﬁzf + ‘F]€1€2‘2i|

Dimensionless Constants

iy [ 0105 0105 22 0105 i

B =y 2 |=ifp [2 (CH3% + CY3%) — m3Gr (CE + CEY* )| +9Graf (C42 + C4EF)
mp 0105 0105 (12 (15 : |

it = —y 5 [ fr 253" — C3") — miGr (CEL - CEs2 )| +9iGrof (Cf: — c2%2)]

m, = pseudoscalar meson mass  Axial operator dependence
y =m,/m; Pseudoscalar operator dependence
[» = total decay rate Gluonic operator dependence

Derek E. Hazard




2-body pseudoscalar meson decays

Decay constants used to constrain Wilson coefficients

State m Ne n, u(d) 1, n,u(d) | n's T

%, MeV (667 +6(387 £ 7|108 £ 3|—111+6| 89 +3 |136 £ 6|130.41 +0.20

State BY L s K

fp, MeV ||186 +4|224 £ 4|207.4 + 3.8/155.0 £ 1.9
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2-body pseudoscalar meson decays

Decay constants used to constrain Wilson coefficients

State m Ne n, u(d) 1, n,u(d) | n's T

%, MeV (667 +6(387 £ 7|108 £ 3|—111+6| 89 +3 |136 £ 6|130.41 +0.20

State BY B? DO K

fp, MeV ||186 +4|224 £ 4|207.4 + 3.8/155.0 £ 1.9

* a,=-0.022 £ 0.002 GeV?
* a,=-0.057+0.002 GeV?

Derek E. Hazard




2-body pseudoscalar meson decays

Experimental upper limits of BR for 2-body pseudoscalar decays

from the PDCG.

0105 T et e
B(n — {105) n/a n/a 6 x 107
B(n' — (145) n/a n/a 4.7 x 104
B(mg — £142) n/a n/a 3.6 x 10710
B(BY — £103) 2.2 x107° 2.8 x 1077 2.8 x 107
B(BY2 — £145) — — 1.1 x 1078
B(D® — (105) n/a — 2.6 x 1077
B(KY — (145) n/a n/a 4.7 x 10712

Derek E. Hazard
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2-body pseudoscalar quarkonium decays

Constraints on Wilson coefficients of 4-fermion operators.

Leptons Initial state

Wilson coefficient 122 M Ne n(u/d) n(s) n'(u/d) n'(s)

T — - n/a n/a n/a n/a

‘C’%—fg?/AQI er - = n/a n/a n/a n/a
e - - 3x107% 2x107% 21x107' 1.9x107!

T — - n/a n/a n/a n/a

‘C’qél&/]@’ er - = n/a n/a n/a n/a
e - - 3x107% 2x107% 21x107' 1.9x107!

T — - n/a n/a n/a n/a

‘C’%%EQ/AQI er - = n/a n/a n/a n/a
ep — = 2 x 103 R0 3.9 x 104 3.6 x 104

T — - n/a n/a n/a n/a

‘quleg/A2’ er - = n/a n/a n/a n/a
e — = %56 0P 1 x 103 3.9 x 10% 3.6 x 10%
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2-body pseudoscalar quarkonium decays

Constraints on Wilson coefficients of 4-fermion operators.

Leptons Initial state
Wilson coefficient 122 M Ne n(u/d) n(s) (u/d) n'(s)
T — - n/a n/a n/a n/a
‘C’%—fg?/AQI er - = n/a n/a n/a n/a
e - - 3x107% 2x107% 21x107' 1.9x107!
T — - n/a n/a n/a n/a
‘C’qél&/]@’ er - = n/a n/a n/a n/a
e - - 3x107% 2x107% 21x107' 1.9x107!
T — - n/a n/a n/a n/a
‘C’%%EQ/AQI er - = n/a n/a n/a n/a
e — |2><103 1 x 103 3.9 x 10% 3.6 x 10% I
T — - n/a n/a n/a n/a
‘quleg/A2’ er - = n/a n/a n/a n/a
e — = %56 0P 1 x 103 3.9 x 10% 3.6 x 10%
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2-body pseudoscalar quarkonium decays

Constraints on Wilson coefficients of 4-fermion operators.

Leptons Initial state
Wilson coefficient 122 M Ne n(u/d) n(s) n'(u/d) n'(s)
T — - n/a n/a n/a n/a
‘C’qhg?/]@’ er - = n/a n/a n/a n/a
e - - 3x107% 2x107% 21x107' 1.9x107!

* Not a breakdown of the EFT!
 Existing data doesn’t allow for strong constraints

el e 1) QT 1) R =

T — - n/a n/a n/a n/a
‘C’qel&/]@’ er - = n/a n/a n/a n/a

e — = |2 x 103 1 x 103 3.9 x 10% 3.6 x 10% I

T — - n/a n/a n/a n/a
‘quleg/A2’ er - = n/a n/a n/a n/a

e — = %56 0P 1 x 103 3.9 x 10% 3.6 x 10%
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2-body pseudoscalar quarkonium

Constraints on Wilson coefficients of gluonic operators.
Gluonic Wilson Leptons Initial state
coefficient (GeV ~?) (145 M Ne n n'
céf/a? el = — 2 x 102 5.0 x 10°
clt /a2 s - — 2 x 102 5.0 x 10°
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2-body pseudoscalar quarkonium

Constraints on Wilson coefficients of gluonic operators.
Gluonic Wilson Leptons Initial state
coefficient (GeV ~?) (145 M Ne n n'
céf/a? el = — 2 x 107 5.0 x 10°
clt /a2 s - — 2 x 102 5.0 x 10°
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2-body pseudoscalar quarkonium

Constraints on Wilson coefficients of gluonic operators.
Gluonic Wilson Leptons Initial state
coefficient (GeV ~?) (145 M Ne n n'
céf/a? el = — 2 x 107 5.0 x 10°
clt /a2 s - — 2 x 102 5.0 x 10°

* Not a breakdown of the EFT!
 Existing data doesn’t allow for strong constraints
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2-body pseudoscalar meson decays

Constraints on Wilson coefficients of 4-fermion operators.

Leptons Initial state

Wilson coefficient % BY (db) BY (sb) DY (cu) K <d§\;§$‘z>
‘C’jlfﬂng/Aﬂ Wis 2.3 x 1078 — n/a n/a
er 2.6 x 1078 — — n/a

e 3.9 x 1079 6.3 x 1079 1.1 x 1077 5.0 x 10712
‘0%251’32 /A2‘ - 2.3 x 10~8 . n/a n/a
er 2.6 x 1078 — — n/a

e 3.9 x 1079 6.3 x 1079 1.1 x 1077 5.0 x 10712
‘C%1£2£1£2/A2‘ Ut 7.1 x107° — n/a n/a
er 8.0 x 107 — — n/a

el 1.2 x107° 1.9 x107° 2.7 x 1073 1.7 x 1076
‘C’%II%2£1£2/A2‘ Ut el RIS — n/a n/a
er 8.0 x 107° — — n/a

e 1.2 x107° 1.9 x107° 2.7 x 1073 1.7 x 1076
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2-body scalar quarkonium decays

(0[qq|S(p)) = —imgsfs Decay constant

(O\%Ga“”GZV\S(p» = ag Anomalous matrix element
s
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2-body scalar quarkonium decays
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S = any quarkonium with quantum numbers 0** i.e. X,0, Xco
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2-body scalar quarkonium decays

(Ofqq|S(p)) = —ims fs Decay constant

(O\—G‘“‘”G“V\S( )) = as Anomalous matrix element

S = any quarkonium with quantum numbers 0** i.e. X,0, Xco

Amplitude
A(S = €1Z2) — ﬂ(pl, 81) [Eéﬂz = Z'Fél@”}%} ?J(pz, 82)
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2-body scalar quarkonium decays

Branching ratio

B(S — 014y) = 87:155 (1 — y2)2 [‘ngzf + \Féwg‘z}
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2-body scalar quarkonium decays

Branching ratio

B(S — 014y) = 87:155 (1 — y2)2 [‘ngzf + \Félzg‘z}

Dimensionless Constants

G - =
Eg® =y WZ\QF 2ifsmsmy (Cglib - Cgléb) +Yag (Cg;lib " Cg;lzl%b)_
G x -
H ynZ\QF _Qmesmq (C?L”Q — ngb) — %%ag (Cgl# - ng2>_
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2-body scalar quarkonium decays

Branching ratio

B(S — €1Z2) = (1 . y2)2 “Eglng 4 ‘Fgl£2‘2:|

Dimensionless Constants

mskor [,. 111 111 Bl Tl |
By = WS [ gimgin, (Co + C33 ) + 0as (Clys + Ot )

bl _ — glils _ ~glals - glils _ alals) ]

4

Mg = scalar meson mass

Derek E. Hazard
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2-body scalar quarkonium decays

Branching ratio

87TF (1" |l {E% HF%”

Dimensionless Constants

el T :
E?EQ :Fy 46;\2F _Qifsmsmq (C’glib + Cg%b) + 9ag (C’g;lib + C’g}f)_

Gr | . -
Fite Tyt |2fsmem, (CHE — CE32) — 9ias (CB" - CE?)

Mg = scalar meson mass

y = my/mg

B(S — 6162
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2-body scalar quarkonium decays

Branching ratio

B(S 5 €1z2) X ms (1 . y2)2 UE?EZ‘Q 4 ‘Fél@f}

s

Dimensionless Constants

G - =
Eg® =y WZ\QF 2ifsmsmy (Cglib - Cgléb) +Yag (Cg;lib " Cg;lzl%b)_
G x -
H ynZ\QF _Qmesmq (C?L”Q — ngb) — %%ag (Cgl# - ng2>_

m¢ = scalar meson mass
y = my/mg
[ = total decay rate

Derek E. Hazard
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2-body scalar quarkonium decays

B(S — €1Z2) =

Gp
g L S
AV Y
Gr
e _ TS
VYT

Mg = scalar meson mass

y = m,/m;

Branching ratio

87TFS

TS (1 y?) [|EYe ) 4 |t

Dimensionless Constants

Q’ifgmgm (Cg%lz = Cg%b)

I qlils qlils

[ = total decay rate

Derek E. Hazard

Scalar operator dependence

+9ag (CH= + CT2)

- qlils glila ) |
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2-body scalar quarkonium decays

Branching ratio

B(S — 014y) = 87:155 (1 — y2)2 [‘ngzf + \Félzg‘z}

Dimensionless Constants

msGp [
Eg® =y E\QF 2ifsmsmy (Cglib - Cgléb) +Yag (Cg;lib " Cg;lzl%lz)
msGr [
Fgt =y ZS\QF _Qmesmq (C?L”Q — ngb) — %%ag (Cgl# - Cﬂ}f)
m. = scalar meson mass Scalar operator dependence
y = m,/mq Gluonic operator dependence

[ = total decay rate

Derek E. Hazard 22




2-body scalar quarkonium decays

* Currently no experimental data
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2-body scalar quarkonium decays

* Currently no experimental data

» States x,,and x . produced via
— gluon-gluon fusion at LHC
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* Currently no experimental data
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— B decays at flavor factories
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2-body scalar quarkonium decays

* Currently no experimental data

» States x,,and x . produced via
— gluon-gluon fusion at LHC
— B decays at flavor factories

— Radiative decays of Y(2S), Y(3S), ¥ (29),
¥ (3770)
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3-body vector quarkonium decays
Resonant transitions

* Vtoy (Stolil,) may be used to study
scalar 2-body decays
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3-body vector quarkonium decays
Resonant transitions

* Vtoy (S tolil,) may be used to study
scalar 2-body decays

* If soft ¥ can be tagged at B factories then:
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3-body vector quarkonium decays
Resonant transitions

* Vtoy (S tolil,) may be used to study
scalar 2-body decays

» If soft ¥ can be tagged at B factories then:
* Quite useful:

B(¢¥(25) = vx0(1P)) = 9.99 + 0.27% ,
B(y(3770) = vxeo(1P)) = 0.73 & 0.09%
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3-body vector quarkonium decays
Resonant transitions

* Vtoy (S tolil,) may be used to study
scalar 2-body decays

» If soft ¥ can be tagged at B factories then:

* Quite useful:
B(T(2S) = vxw(1P)) = 3.8+ 0.4% ,

B(Y(35) = vxw0(1P)) = 0.27 4 0.04% ,
B(T(3S) = vxw(2P)) = 5.9 +0.6% .
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3-body vector quarkonium decays
Nonresonant transitions

Diagrams for V to v |;1,
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3-body vector quarkonium decays
Nonresonant transitions

Uy = %‘PV@?) (myy® +ip’ o) €*(p) wave function
Py (z) = 2%6(:6—1/2) distribution amplitude
(0]gr*q|V) = /0 Te[[* Uy dz nonlocal matrix element
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3-body vector quarkonium decays

Nonresonant transitions

Differential decay rates

dl é—>7/€1£2 _ 1 aQq fV (02 e ) (my — miy) 2myy® + mi,) (myy? — 77732)2
dm, 9 (4 )2 O o My my,

dFXS/—wMz e 04@31 va%mV (02 e ) Y (m%/ = m%z) (m%/yf . m%2)2
dm?, 24 (4m)%  A* S mi,

TV oz, _ 1 0Q) fiGhmy (o ooy mb = miy) (mby? )’
dm?, 24 (47)? A4 Gl m2,

m,,* = (P-k)?
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3-body vector quarkonium decays
Nonresonant transitions

Total decay rates

1 aQ; fom}
18 (47r)2 A4
1 aQ? f2GZm],
144 (47)>  A*
1 aQF fRGETmY
144 (47)* A4

Ca(V = v0ibs) = (Chr + Car) f(y7) Axial

Ts(V = ylity) = (Csz +Csr) v* f(y?) Scalar

Tp(V — vl = (C:, + Cir) v f(v*)  Pseudoscalar

f(v?) =1 —6y* — 12y*log(y) + 3y* + 2¢/°
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3-body vector quarkonium decays
Nonresonant transitions

Axial operator differential decay rates

00 05 10 15 20 25 30 35
E, (GeV)

(a)

@ Y(QS)— y u T or yer (solid blue), Y(2S) = v u t or ret (short-dashed gold), Y (3S) —

Y £ T or YetT (dotted red), Y(1S) — reu (dot-dashed green), Y (2S) — rYeu and Y(3S) = reu
(long-dashed purple); (b) )/ — v 1 T or vet (solid blue), ¥ (2S) — vy 1 t or yet (short-dashed
gold), J¥ — reu (dotted red), ¥ (2S) — reu (dot-dashed green)

Derek E. Hazard




3-body vector quarkonium decays
Nonresonant transitions

Scalar/Pseudoscalar operator differential decay rates

0.5

0.4
1 N
> 03 >
o] o

0.1

0006 08 10 15 20 25 50 85
E, (GeV)

(a)

@ Y(QS)— y u T or yer (solid blue), Y(2S) = v u t or ret (short-dashed gold), Y (3S) —

Y £ T or YetT (dotted red), Y (1S) — reu (dot-dashed green), Y (2S) — rYeu and Y(3S) = reu
(long-dashed purple); (b) )/ — v 1 T or ryet (solid blue), ¥ (2S) — v 1 t or et (short-dashed
gold), J¥ — reu (dotted red), ¥ (2S) — reu (dot-dashed green)
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Summary

* LFV transitions provide a powerful engine for NP
searches
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* LFV transitions provide a powerful engine for NP
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* Any NP model with flavor violation at high scales
can be cast in terms of the L at low energies.
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» Two-body decays allow for operator selection
and reduces single operator dominance reliance.
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Summary

LFV transitions provide a powerful engine for NP
searches

Any NP model with flavor violation at high scales
can be cast in terms of the L at low energies.

Two-body decays allow for operator selection
and reduces single operator dominance reliance.

RLFV decays can provide complimentary
operator access.

Derek E. Hazard




Why is L. ~1//A? and not 1/ /A 3?

* Naively it should be 1/A?3
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* Naively it should be 1/A?3
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Why is L. ~1//A? and not 1/ /A 3?

* Naively it should be 1/A?3
« But when you integrate out t quark, you get m,Gg/ /2

4-fermion operators ~ m,G;//\? Gluonic operators ~ m,G;//\?

Derek E. Hazard




